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Prominent among rock types at each of the last fourresidual composition might be revealed. To explore this hy-
Apollo sites are impact melt breccias (IMBs) that are sub- pothesis, | first removed normative troctolite, represented by
stantially more mafic (18-24% FeO+MgO) than typical feld- sample 76535 (Table 2), froeach of the compositions of
spathic lunar crust (6—10% [1,2]). Mafic IMBs (MIMBs) are Table 1 in proportions sufficient to lower tihég” of each
the most mafic, common component of the regoliths atresidual composition to the value in the MIMB with the low-
Apollos 14 and 16 and account for ~70% of the regolith of estMg” (64, in A15-A). | assumed that the most likely anor-
the South Massif at Apollo 17 [3-5]. In addition to being thositic material in the MIMBs was typical upper crustal
mafic (for the lunar highlands), MIMBs are characterized by material, not “pure” (>90% plagioclase) anorthosite. Thus
high concentrations of incompatible trace elements and arenext, | removed a “feldspathic upper crust” component
the principal carriers of the geochemical signature associateqTable 2; based on [1] and the feldspathic lunar meteorites)
with KREEP in the regolith of the Apollo landing sites. With until the residual compositions derived from each melt group
few exceptions all rocks with compositions corresponding to all had the AJO; concentration of the MIMB residue with the
“Fra Mauro basalts” (LKFM, HKFM, etc.) are actually lowest ALO; after subtraction of troctolite. This procedure
MIMBs. An important feature of MIMBs is that composi- altered theMg” values, so | adjusted the proportions of the
tions differ from landing site to landing site, and several dif- troctolite and feldspathic components iteratively until all
ferent compositional groupings of MIMBs have been identi- residues had the sarivlg” and ALOs.
fied at the Apollos 15, 16, and 17 sites (Table 1). Result. The “residues” range from 21% (A16-2Mo) to

One long-standing question of lunar science is “what got 89% (A15-A) of the mass. On average, concentrations of
melted?” to form the MIMBs. There is no consensus answer.lithophile elements in the residues (residue 1, Table 2)
In this study | address the question again, with the specificstrongly resemble those of KREEP basalts from Apollos 15
goal of accounting for the compositional variation among and 17. The resemblance can be improved slightly if a greater
MIMB groups in terms of impact mixing of a small set of proportion of troctolite is removed (residue 2).
common components. To approach the problem additively, | have modeled the

Data. Complete sets of compositional data are available compatible lithophile elements of Table 1 as a mixture of
for only a limited number of samples, so | calculated averagefour components: A15 and A17 KREEP basalts, feldspathic
concentrations for the various compositional groups that haveupper crust, and troctolite (76535). This simple model ac-
been advocated in order to work with a high-quality data setcounts remarkably well for the observed major element com-
(Table 1). A significant fraction of the Fe in some MIMBs, positions of most of the MIMB groups (Fig. 3). T3 sub-
particularly those from Apollo 16, is in reduced form and is stantially underestimated in some melt groups (A15-E, A16-
extralunar. Thus, | have resolved total Fe int®'Kiee., FeO) 2DB), possibly because there is ilmenite-rich lithology in
and F& based on the Ni concentrations and the observationtheir source regions. In all cases except for A15-E, the best-
that the F&is carried by F@Nis metal [4]. This considera-  fit mixtures even comes within a factor of two of accounting
tion is important when accounting for tMg” (bulk mole % for the incompatible elements.

MgO/[MgO+FeQ]) of the mafic silicates. In all cases, SiO Discussion. This exercise demonstrates that the compo-
was calculated by difference (after inclusion of MNn@QO4 sitions of mafic impact-melt breccias, in general, as well as
and ZrQ; Table 1). the first-order differences in composition among the groups,

Normative mineralogy. Normatively, MIMBs range  can be explained by three supercomponents: KREEP basalt,
from norites (A14, A15-A,B,&C, A17-high) and olivine nor- Mg-suite troctolite, and generic feldspathic upper crustal
ites (A15-D, A16-1M, A17-poik) to anorthositic norites (Fig. material. Each of these supercomponents actually represents
1). Some (at least) of the most feldspathic MIMBs (Al16- several lithologies and a range of compositions that probably
2DB) tend to contain feldspar clasts derived from ferroan differ from group to group and site to site. For example, the
anorthosite whereas such clasts are rare in some of the mafisREEP component probably represents extrusive KREEP
varieties [6-8], suggesting that the variation in plagioclase tobasalt and its intrusive equivalent spanning a range of com-
pyroxene ratio may be largely due to variable proportions of positions that represent different degrees of differentiation
clastic anorthosite. One puzzling feature of MIMBs is the (varying SiQ and absolute concentrations of incompatible
wide variation inMg”. Fig. 2 shows thaMg” correlates elements). The troctolite component may also includes plu-
roughly with normative olivine abundance. Among MIMB tonic norite, spinel troctolite, etc. The general features of this
samples at Apollo 16 with high normative olivine (group model are similar to some advocated previously [9,10].
2Mo, represented here by a single sample, 62295), a trocto- Taking the model results at face value, the highna
lite component appears to be the carrier of the olivine [4]. dance of KREEP basalt component in most of the MIMBs

Normative unmixing. The two observations above sug- (Fig. 3) is consistent with a scenario in which the MIMBs
gest that if the proper amounts of anorthosite and troctolitederive from an anomalous region, presumably where the
were “removed,” in the normative (mathematical) sense, fromImbrium basin now exists (i.e., “High-Th Oval Region” of
each of the different gups of MIMB, perhaps a common [11]), in which KREEP basalt or its precursor was a domi-
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Table 1.Concentrations of some key elements in different compositional groups of mafic impact-melt breccias (MIMBSs).

Al4a Al5 A5 A5 Al5  Al5  Al6  Al6 Al6 Al6 Al6 AL7  AL7 ALY
A B C D E 1F 1M 2DB__ 2NR__ 2Mo _ poik  aph  high
SiO, %  48.0 48.7 471 476 453 46.7 476 464 447 451 454 463 464 481
TiO2 % 165 1.85 116 094 153 158 120 137 093 100 070 151 078 1.63
A0s % 167 162 166 186 174 199 193 171 220 212 204 181 209 17.2
Cr0s % 019 020 026 020 023 016 018 022 016 017 017 020 022 020
Fe % 056 014 034 028 036 005 08 166 163 096 087 039 027 0.30
FeO % 995 101 965 773 90 76 759 755 590 646 515 914 791 9.14
MgO % 103 100 132 119 147 108 99 134 109 111 148 127 102 110
Mg© % 649 639 709 734 745 718 699 759 767 754 836 725 69.6 682
CaO % 104 104 102 115 103 123 118 107 128 129 117 111 124 109
NaO % 079 073 058 057 054 064 054 062 049 050 045 065 052 0.67
K20 % 064 085 032 024 017 012 035 043 019 030 009 022 018 0.32
Sc wg/g 217 205 196 142 172 162 148 146 108 122 97 170 173 193
Co ug/lg 40 24 39 30 33 20 41 64 66 44 45 31 30 28
Ni Hg/g 400 140 260 225 300 85 590 1090 1070 650 590 295 215 240
Sm uglg 40 36 22 15 104 45 25 22 13 13 84 15 14 23
Eu ug/g 269 238 195 180 1.73 160 194 197 149 151 115 188 142 1.97
Th ug/g 176 145 74 57 34 17 88 81 43 44 31 50 52 85

Fig. 1. Normative mineralogy of compositions of Table 1 plotted

on the classification diagram of [14], after converting volume
values of [14] to mass %.
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i ) Table 2. Mean composition of residues after removal
Fig. 3. Model results. troctolite of troctolite and feldspathic upper from compositions
of Table 1, and comparison to KREEP basalts.
troc- feldp. _mean residue s.d. KREEP basalt
tolite _crust 1 2 Al15 Al7
Si0, 429 450 490 496 2.0 51.0 483
TiO, 005 027 22 25 06 20 13
ALoMo Al;0; 207 291 145 139 (0.0) 16.0 136
Cr,0; 0.11 0.08 029 031 01 0.28 0.50
Fe 0 ~0 105 111 16 ~0 ~0
ey FEO 50 37 14 16 18 97 150
. Al6- MgO 191 46 103 93 1.3 8.8 9.5
A15-B ALTPOK SRR Mg~ 87. 69. 63.6 60.0 (0.0) 61.8 53.0
Al WmAILG-2DB CaO 114 166 98 97 05 99 102
u AL5-E NeO 023 041 0.84 090 0.13 0.80 0.44
ALz, AL7-aph K:O 003 0024 05 06 02 060 025
Sc 3 7 26 28 4 20 48
KREEP/mA14 ALE-1F fesfgathic Co 27 13 61 64 48 20 36
basalt upper Ni 25 130 1000 1100 1100 20 60
A15+A17 crust Sm 0.6 1.0 32 35 12 26 23
Eu 073 092 26 28 03 21 16
Th 0.1 0.34 12 13 5 10 6




